The measurement of biological targets using nanoparticle magnetic markers has been extensively studied for its applications in magnetic immunoassays (MIAs). Compared with the optical immunoassay method, the MIA methods have some attractive characteristics such as a wash-free process that does not need bound/free marker separation and the ability to detect biological targets in a nebulous liquid. In addition, the wash-free process is very fast. In this paper, we tried to reduce the reaction time for the antigen-antibody reaction in order to make the MIA method more attractive. The reduction in reaction time and the detection characteristic of biological targets were demonstrated using C-reactive proteins (CRPs) as biological targets for diagnosing inflammation. To shorten the reaction time, a magnetic-shaking method using the magnetic field gradient from a neodymium magnet was developed. When comparing the reaction times with and without magnetic shaking, it was found that the reaction time decreased with magnetic shaking for all CRP concentrations. Even after the magnetic-shaking treatment, the dependence of the CRP concentration on the magnetic signal was observed. The number of surface modifications per magnetic marker and the magnetic marker concentration also affected the reaction time. In order to obtain the desired measurement range based on the CRP response characteristic, it is necessary to optimize the number of magnetic markers and polymer beads used.
I. INTRODUCTION

M
AGNETIC particles have been widely used in bioscience and biotechnology. Magnetic techniques using small magnetic particles and magnetic gradient force have been developed for purifying biological materials and enhancing gene delivery [1] , [2] . Compared with standard methods, magnetic techniques have the advantage of involving simple processes that can be applied in samples containing suspended solid and fouling components. The measurement of biological targets using nanoparticle magnetic markers also has been extensively studied for its applications in magnetic immunoassays (MIA) [3] and magnetic particle imaging [4] , [5] . There are many types of immunoassays used for diagnosing diseases; for example, enzyme-linked immunosorbent assays and radioimmunoassays are currently used as highly sensitive clinical diagnosis tools. Compared with these immunoassay methods, MIA using magnetic labeled markers has great potential since it is simple to use and it has a low interference. Many types of MIAs based on various detection methods and the magnetic properties of the magnetic nanoparticles (MNPs) have been reported [6] - [16] . A magneto-resistive sensor such as a conventional magnetic sensor or a superconducting quantum interference device (SQUID) used as a highly sensitive sensor is normally utilized to detect a magnetic signal from MNPs that are bound to biological targets. Magnetization, magnetic relaxation, ac magnetic susceptibility, and magnetic remanence of MNPs magnetic properties are used for MIAs. There are two trends for the development of MIA. The main trend is an integrated miniature on-chip device for point-of-care diagnosis [17] , [18] , while the other one is a highly sensitive, multifunctional measuring system for experimental use. A liquid-phase MIA method that uses a high-temperature SQUID as the multifunctional measuring system has previously been deployed to obtain fundamental clinical information [19] , [20] . This technique uses polymercoated nanoparticles as magnetic markers, with an immobilized antigen or antibody on the surface. In a liquid-phase immunoassay reaction, the target proteins, magnetic markers, and polymer beads are observed to react to form a sandwich structure. The sandwich structure has a relatively large volume, which increases the Brownian relaxation time. When a sinusoidal magnetic field is applied to the sample solution, the magnetic signal is attenuated according to the biological-target concentration because of the difference in relaxation times between the free magnetic markers and the bound magnetic markers (Fig. 1) . Therefore, the MIA method has the advantage of being a simple process that does not require the separation of the bound and free markers (B/F) in a measurement sample. However, the reaction times of magnetic and optical immunoassays are still the same. Many studies on reducing antibody-antigen reaction times have previously been conducted [21] - [26] , and many methods identified such as rotating the capture substrate, mixing fluids under rotating magnetic field, among others. The purpose of this paper is to reduce the reaction time by applying a rotating magnetic 0018-9464 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. field gradient and demonstrate its influence on quantitative measurement of MIA without B/F separation. The effect of changes in the number of antibodies conjugated onto the magnetic markers and polymer beads on the reaction time is also investigated. To verify the performance of the magneticshaking treatment, we measured the reaction time of C-reactive proteins (CRPs) that are used as markers for inflammation.
II. MEASUREMENT
A. Magnetic Measurement
The detail of MIA system used was previously reported [18] , and the configuration of the main detection unit is shown in Fig. 2 . A 50 µL sample in a micro-glass tube was inserted in an excitation coil and an ac magnetic field was applied to it. The magnetized signal of free magnetic markers in the sample was detected using the gradiometer pickup coils. The pickup coils were connected to a high-temperature superconductor (HTS)-SQUID to detect weak magnetic signals. The HTS-SQUID had a multilayer structure with ramp-edge Josephson junctions that were developed by the Superconducting Sensing Technology Research Association [27] . The sample was moved up and down repeatedly, and the peak-to-peak signal was measured to reduce the baseline drift. The excitation coil was driven at 4 mT and 1.06 kHz, and a third harmonic signal was lock-in detected. The MNPs were superparamagnetic; therefore, they exhibit nonlinear magnetization without hysteresis. When an ac magnetic field is applied to the MNPs, not only the fundamental frequency signal but also the harmonics signal, especially the third harmonic signal, is maximum at a zero dc bias magnetic field. However, the sample solution contains many diamagnetic materials such as water, and only the fundamental frequency signal was obtained. Therefore, the third harmonic signal was detected to reduce the influence of the other materials except the MNPs.
B. Reagents
CRPs as biological target were measured. Magnetic markers using 140 nm diameter MNPs (Tamagawa Seiki FG Beads), which were conjugated with antibodies (HyTest C6cc-anti-CRP), were used. Two different amounts of antibodies, 9.6 (Lot #1M) and 17.5 µg/mg (Lot #2M) of FG beads, were used. 3.3 µm diameter polymer beads were used to immobilize antibodies (HyTest C2-anti-CRP antibody) on the surface. Two different amount of these, 0.4 (Lot #1P) and 2.1 µg/mg (Lot #2P), were used. The CRP solution, buffer solution, magnetic marker bead solution, and polymer bead solution were mixed in a reaction well. The concentration of the magnetic markers beads was 10 mg/mL and that of the polymer beads was 10 mg/mL. For each measurement, 20 µL of the CRP buffer solution was used, and the volume of the magnetic marker solution was changed from 2.5 to 10 µL. The volume of the polymer beads solution was fixed to 5 µL. 60 µL of the total sample volume was prepared by adjusting the additional buffer solution, and then, 50 µL of the sample solution was injected in to the glass tube for magnetic measurement.
C. Magnetic Shaking
After each solution was injected into the reaction well, they were mixed using a vortex mixer for a few seconds. Thereafter, the sample solution was treated using magnetic shaking. The magnetic shaker has a simple configuration that includes a neodymium magnet with a surface magnetic flux density of 470 mT on the turn table (Fig. 3) . The reaction well was set at the center of the turn table, and the magnet was rotated around the reaction well at a speed of 1.4 turns/s. It was considered that the reaction accelerated when the speed of the magnet rotation increased. The rotation speed was determined as the maximum speed that allowed the movement of MNPs followed by the magnet rotation speed, and it was optically checked. Due to the magnetic gradient from the magnet, the magnetic markers, especially free markers, were rotated in the sample solution, but the nonmagnetic materials such as the polymer beads and buffer solution were not. The magnetic-shaking treatment is thought to accelerate the reaction. To measure the reaction time, the solution was incubated after the magneticshaking treatment in the reaction well, and a 50 µL sample was taken from the reaction well and injected into a glass tube for every magnetic measurement at every period of time. Therefore, if the number of measurements done after the reaction is n, then a sample with a volume of n × 60 µL was prepared in the reaction well.
III. RESULTS AND DISCUSSION
Magnetic markers of Lot #1M and polymer beads of Lot #1P were used. The volume of the magnetic marker was 2.5 µL. The differences in the reaction time with and without magnetic-shaking treatment were compared. The thirdharmonic magnetic intensity of the sample with and without 1 min magnetic shakes was also compared (Fig. 4) . The third- harmonic signal intensity is defined by the peak to peak of the x-and y-components of the time waveforms as follows:
The detected signals are due to the free magnetic markers, and the signal intensity drops in response to the increased amount of reacted CRPs, magnetic markers, and polymer beads forming a sandwich structure. More than 15 min was needed for the reaction to be completed when 50 ng/mL of CRP that was not treated using magnetic shaking was used. However, with magnetic shaking, the reaction was completed within 10 min [ Fig. 4(a) ]. An improved response time resulting from the magnetic-shaking treatment was observed for all CPR concentrations of 50, 100, 300, and 600 ng/mL. The response time decreased slightly with increasing CRP concentration. The reaction times of the samples treated with magnetic shaking and with a concentration of more than 300 ng/mL were less than 5 min. Hence, the magnetic-shaking treatment was effective in accelerating the reaction. After 15 min, the signal intensities of both samples with and without magnetic shaking treatment showed almost the same intensity. This means that the free markers were not aggregated but completely dispersed after magnetic shaking was stopped. Therefore, the magnetic treatment did not affect the CRP concentration measurement except for the acceleration of the reaction. Next, a large number of antibodies that were conjugated onto the magnetic markers (Lot #2M) and polymer beads (Lot #2P) were used to achieve a faster reaction time compared with that when Lot #1M and Lot #1P were used. Fig. 5 shows a comparison of the response curves of Lot #1 and Lot #2 for the 50 ng/mL CRP sample. The response time was shortened from 10 to 5 min by the magnetic-shaking treatment. Unfortunately, Lot #2M showed a weak magnetic signal. The time waveforms of Lot #1 and Lot #2 for the 50 ng/mL CRP sample were also compared (Fig. 6) . The signal-to-noise ratio (SNR) of Lot #2 was 50 and, therefore, less than that of Lot #1 which was 480. When a higher concentration of the CRP sample was used, the magnetic signal decreased because of the decrease in the free markers, causing the signal to be hidden in the noise. This means that the measurable concentration range will be narrower when using Lot #2. Therefore, the volume of the magnetic marker solution was changed from 2.5 to 5.0 µL to obtain a larger magnetic signal; however, the total sample volume of 60 µL remained unchanged. The time interval for the response time measurement was changed from 5 to 3 min, which is the minimum time interval of the measurement. This was done due to the fast response. The signal intensity increased because of the increment in volume of the magnetic marker solution from 2.5 to 5.0 µL; however, the reaction time was slightly prolonged. It was thought that much of the CRP connects to one magnetic marker or one polymer bead, resulting in a steric hindrance that results in the formation of a sandwich structure between the polymer bead, CRP, and magnetic marker.
To apply to these results to blood examination, the dependence of the CRP concentration on magnetic signals after the magnetic-shaking treatment has to be evaluated. Therefore, the measurement was done after 1 min of magnetic shaking and 7 min of incubation. The CRP concentration dependence on the magnetic signal intensity was measured (Fig. 8) . As shown in Fig. 6 , the SNR for 50 ng/mL of the solution with 2.5 µL of the magnetic marker solution was not good; therefore, the accuracy was poor at high CRP concentrations and the linearity range was narrow. Compared with the 2.5 µL magnetic marker solution, the 5 µL magnetic marker solution showed a wide response range and linearity for high CRP concentrations (Fig. 7) . Moreover, the signal intensity was still large at high CRP concentrations for the 10 µL magnetic marker solution. However, the detection limit for a low concentration of CRPs was not that low compared with that of the 2.5 µL magnetic marker solution, because the signal intensity change was weak for the large signal intensity of non-reacted magnetic markers. This means that it is necessary to choose the most suitable magnetic marker concentration to obtain the desired CRP concentration range for measurement.
IV. CONCLUSION
We developed the magnetic-shaking method to accelerate the antigen-antibody reaction using the magnetic markers. The method was effective in the speedup of the reaction at all CRP concentration. As another reaction time parameter, the immobilization number of antibody on magnetic markers and polymer also reflected on the reaction time. However, it was found that the optimization of the combination number of the magnetic particles and polymer is necessary to shorten the reaction time, not simply by increasing the surface modification number. This paper is preliminary report to evaluate the magnetic-shaking effect on the antigen-antibodies reaction time using the magnetic markers. The reaction will be further shortening by optimizing applied magnetic field gradient.
